P lants resistant to the imidazolinones have been successfully produced by seed, microspore, pollen and callus mutagenesis, and somatic cell selections in maize (Zea mays L.) (Newhouse et al., 1991) , Arabidopsis thaliana (L.) Heynh. (Sathasivan et al., 1991; Mourad et al., 1993; Wright and Penner, 1998) , canola (Brassica napus L.) (Swanson et al., 1989) , cotton (Gossypium hirsutum L.) (Subramanian et al., 1990; Rajasekaran et al., 1996) , soybean [Glycine max (L.) Merr.] (Sebastian et al., 1989) , tobacco (Nicotiana tabacum L.) (Chaleff and Ray, 1984; Creason and Chaleff , 1988) , wheat (Triticum aestivum L.) (Newhouse et al., 1992; , sunfl ower (Helianthus annuus L.), rice (Oryza sativa L.) (BASF, 2000) , and alfalfa (Medicago sativa L.). Most of the mutations are due to single amino acid sequence changes that do not aff ect the enzyme function but easily induce herbicide resistance in plants where they occur. In nearly all cases, a single, partially dominant nuclear gene conferred resistance . A single target-site mutation in the Acetolactate synthase (ALS) gene may confer tolerance to ALSinhibiting herbicide, so that it is technically possible to develop the imidazolinone-tolerance trait in many crops (Tan et al., 2005) .
Most of the previous work in developing imidazolinone-tolerant lines in cotton has involved a genetically modifi ed organism approach. Anderson et al. (1997) isolated genes encoding acetohydroxyacid synthase from cotton engineered to express an imidazolinone-resistant form of the enzyme and reintroduced this into cotton,
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utilizing an Agrobacterium-mediated transformation system. Our imazamox-tolerant cotton is not a transgenic technology because it was developed through mutation and not gene transfer. This approach would have an advantage because it does not involve registration costs, and there are no regulations in planting cotton mutants in the fi eld.
Cotton lines tolerant to imidazolinone herbicides would increase weed management tools available to cotton growers. The Cotton Belt has become dependent on glyphosatebased crop production system. With such dependence has come concern for development and spread of glyphosateresistant weeds. There are now 11 weeds with confi rmed glyphosate-resistant biotypes worldwide (Burgos et al., 2006) . Herbicides that could be used in imidazolinonetolerant cotton include imazapyr, imazapic, imazethapyr, imazamox, and imazaquin (Duke and Ragsdale, 2004) .
The imidazolinone herbicides are absorbed by roots and foliage and translocated throughout the plant (both symplastically and apoplastically), accumulating in the meristems such as apical buds at root and shoot tips and axillary buds in leaf axis. They eff ectively control a broad spectrum of grass and broadleaf weeds, including cocklebur (Xanthium strumarium L.), velvetleaf (Abutilon theophrasti Medik.), common ragweed (Ambrosia artemisiifolia L.), fall panicum (Panicum dichotomifl orum Michx.), foxtails (Setaria spp.), barnyardgrasses (Echinochloa spp.), nightshade species (Solanum spp.), annual morning-glory species (Ipomoea spp.), pigweed species (Amaranthus spp.), nutsedge (Cyperus spp.), and lambsquarters (Chenopodium album L.) (Anderson et al., 1997) .
Additionally, imidazolinone-tolerant cotton may also prevent rotational crop injury because cotton rotated with peanuts (Arachis hypogaea L.) or other crops treated with imidazolinone herbicides can be injured (York et al., 2000) . Therefore, imidazolinone-tolerant cotton would not be harmed in these rotations.
In addition to their broad-spectrum weed control and providing increased herbicide options for cotton growers, imidazolinone herbicides have other attractive characteristics. They can be applied preplant, preemergence, or postemergence. Postemergence options are especially important in no-till or reduced tillage systems or in fi elds with variable weed pressures. Imidazolinones are environmentally attractive because they possess high biological potency, making them very eff ective at low application rates (Newhouse et al., 1991) . Another attraction of imidazolinones is that branched-chain amino acids biosynthesis does not occur in animals and, because of this, imidazolinones have low mammalian toxicity .
Herbicides are known to act on several diff erent target enzymes. Imidazolinone herbicides inhibit acetohydroxyacid synthase, also known as acetolactase synthase, which is the fi rst enzyme that catalyzes the biochemical synthesis of the branched-chain amino acids-valine, leucine, and isoleucine (Shanner et al., 1984; Singh, 1999) . This herbicide target site is reported to have the highest incidence of developing resistance to herbicides (Shimzu et al., 2002) . The fi rst imidazolinone herbicides were available in the 1980s (Tan et al., 2005) and resistance was reported within 5 yr (Sathasivan et al., 1991; Wright and Penner, 1998; Lee et al., 1999; Jander et al., 2003) . Globally, biotypes of 95 weed species have evolved resistance to these herbicides (Yu et al., 2008) . The best management practice for any herbicide, regardless of whether the crop has inherent tolerance or modifi ed via mutagenesis or biotechnology, is to practice rotation of all management factors, including type of tillage, crops grown, and herbicide mode of action (Burgos et al., 2006) .
Thus, the objectives of this research were to identify imidazolinone tolerance in a chemically mutated population of upland cotton, to determine the level of tolerance, and to conduct preliminary work on the inheritance of imidazolinone tolerance. This eff ort will support future studies on nontransgenic selective herbicide resistance in cotton.
MATERIALS AND METHODS
Seeds from High Plains cotton cultivars, Atlas (All-Tex Seed Co., Levelland, TX), Explorer (Associated Farmers Delinting, Littlefi eld, TX), Holland 338 (Holland Cottonseed, Big Spring, TX), Tejas (Brownfi eld Seed and Delinting Co., Brownfi eld, TX), SC 9023 (Seedco Corp., Loraine, TX), and Tamcot Sphinx (Texas Agric. Expt. Stn., College Station) in 1997, and Rocket (Associated Farmers Delinting, Littlefi eld, TX) and Explorer in 1998, were treated with 2.45% v/v ethyl methanesulfonate (EMS). The seeds were imbibed in aerated distilled water for 16 h and rinsed with distilled water and treated with EMS for 2 h. The seeds were thoroughly rinsed with distilled water and immediately planted in the fi eld. Starting in 1997, the M 1 plants were grown to produce M 2 seeds in the fi eld at Lubbock, TX. During the 1998 and 1999 growing seasons, 14,400 M 2 plants (from the fi rst six populations) and 38,400 M 2 plants (from all eight populations), respectively, were treated with imazethapyr at 88 g a.i. ha -1 imazamox (2× and 8× the recommended rate in soybean). Imazamox is a newer member of the imidazolinone family of herbicides and has a few advantages over imazethapyr. It exhibits better control of grasses and common lambsquarters and also has a soil life about one-half of that of imazethapyr. The active ingredient rate for imazamox is 0.027 to 0.526 kg ha -1 and is half of that of imazethapyr (0.526-0.105 kg ha -1 ) (Webster and Kapusta, 1997) .
Eighteen M 6 lines from Explorer, SC 9023, and Rocket mutants that showed high levels of tolerance to imazamox and three nonmutated varieties (SC 9023, Explorer, and Rocket) were planted in the fi eld in 2004 and treated with 88 and 350 C, respectively. To estimate values of b, b = 2 and b = 3 were used as starting points (based on values observed in Proc PLOT) for susceptible and tolerant entries, respectively. These values were used as a basis for obtaining a revised set of parameters that make the model better predict the fi t of the data through Proc NLIN. These revised sets of parameters were used to plot the log-logistic curves using the SigmaPlot program (SigmaPlot 2000, SPSS Inc., Chicago, IL).
Inheritance tests were conducted by crossing the imazamoxtolerant mutant lines with their original susceptible nonmutated parents to fi nd out the number and mode of action of the gene(s) conditioning tolerance. Allelism tests were also performed by crossing all the tolerant lines among themselves to check if the gene(s) conditioning tolerance are similar within these lines. Plants in the F 2 and BCF 1 generations were grouped into tolerant (no visible imazamox damage), intermediate (some visible imazamox damage), and susceptible (complete imazamox damage). The chi square was used to test these ratios.
RESULTS AND DISCUSSION

Lint Yield
Cotton symptoms following an imazamox treatment included red veins on leaves, stunted shoot meristems, and poorly developed roots with shortened secondary roots and all nearly the same length. Complete symptom development was very slow. The symptoms were more apparent at the higher rates of imazamox. Tolerant mutants developed into normal plants, while the nonmutant cultivars remained yellow and eventually died ( Fig. 1 and 2 ). Earlyseason (four-to six-leaf stage) percent injury data for the tolerant mutants, their original parents, and commercial check cultivars are given in Table 1 . The tolerant mutants had early-season injury ranging from 7.5 to 27. The original parents and commercial check cultivars had injury ratings of 90. Signifi cant early-season injuries were observed between the tolerant mutants and their fuzzy counterparts (F = 122.86, P < 0.01).
An analysis of variance using the Proc GLM procedure for both the 2005 and 2006 lint yield data showed diff erences among the various imazamox doses. Diff erences were also observed among the cultivars. Dose × . Plants in the four-to six-leaf stage were sprayed 30 d after emergence with a tractor-mounted compressed air sprayer. Plots were planted under drip irrigation and were 9.12 m long with 1 m between rows. At fi rst bloom, 67 kg ha -1 actual nitrogen was applied as urea (32:0:0). Plots were harvested with a stripper and ginned with a 20-saw gin. Data were collected on lint yield, fi ber length, and fi ber strength. Early-season injury (four-to six-leaf stage) was visually estimated, where 0 indicated no injury and 100 indicated maximum injury. The data were analyzed as a randomized complete plot design using Proc GLM of SAS statistical software (release 9.1.3) (SAS Institute, 2006) . Least signifi cance diff erence was used for mean separation. The four mutants and three nonmutated parents, the two years, and fi ve imazamox doses were considered as fi xed eff ects, and blocks (replications) were considered as random eff ects.
Nonlinear regression using the log-logistic model described by Seefeldt et al. (1995) was used to describe the imazamox dose-response relationships for lint yield. The dose-response curves were plotted using a logarithmic (geometric) scale. Imazamox doses (independent variable) were plotted against lint yield (dependent variable). The dose-response relationships were nonlinear and a nonlinear regression routine, Proc NLIN in the SAS package (SAS Institute, 2006) , was used to estimate the parameters of the log-logistic response curves. The mathematical expression relating the response y to the dose x is given by the equation y = f(x) = C + (D − C)/1 + (x/I 50 ) b (Seefeldt et al., 1995) . This procedure required initial estimates of starting values of the parameters C, D, b, and I 50 , where C = lower limit, D = upper limit, b = slope, and I 50 = dose giving 50% response. These values were obtained from visual evaluations of the data plot generated by Proc PLOT in the SAS software. The mean responses for untreated entries and for entries receiving high doses of imazamox were used as starting values of D and cultivar interaction also showed diff erences in both years (Table 2) . Pair-wise comparisons at 95% confi dence limit between all mutants and their original parents showed signifi cant diff erences in lint yield in both years. The models in both years explained the data well with 92 and 71% of the variations explained by each model in 2005 and 2006, respectively (R 2 values in the Proc GLM analysis). No block eff ects were observed for both years and were therefore excluded from the analysis.
A combined analysis of variance for lint yield across 2005 and 2006 indicated diff erences between the two years; therefore, data from the two years were analyzed separately. Within each dose, however, no diff erences were observed among the tolerant mutants or among the nonmutated susceptible cultivars. Across diff erent doses, signifi cant differences were observed between the tolerant mutants and susceptible cultivars in both 2005 and 2006 (Table 3) . Lint yield data from each dose across the tolerant mutants were combined for the log-logistic analysis. The same procedure was followed for the susceptible nonmutated cultivars.
The log-logistic curves for the tolerant mutants and the susceptible nonmutant cultivars are given in Fig. 3 . As the imazamox rates increased, lint yields of tolerant mutants gradually decreased whereas yields of susceptible nonmutant cultivars decreased drastically. The I 50 , which is the imazamox dose that gave 50% lint yield response, was 59 g a.i. 
Fiber Quality
High-volume instrument fi ber quality measurements for the tolerant mutants and the check cultivars were performed at the Texas Tech University Fiber and Biopolymer Research Institute at Lubbock, TX. The Proc GLM procedure indicated no signifi cant diff erences among imazamox doses for fi ber length in 2006. Fiber strength diff erences were not noted in 2005 but were signifi cant in 2006. Imazamox dose × entry interactions were not signifi cantly diff erent in either year for both fi ber length and strength (Table 2) . Pair-wise comparisons at 95% confi dence limit . ‡ Mutants = EM 4 -3-1, RM 3 -8-1, SCM 3 -4-3, SCM 3 -7-3. Check cultivars = Explorer, Rocket, and SC 9023. 
Inheritance and Allelism Tests
Data for the inheritance and allelism studies indicated that that when imazamox was applied at 350 g a.i. ha (Table 4 ). Since the F 1 plants were phenotypically intermediate between the two parents, it was concluded that tolerance to imazamox in these cotton mutants was a partially dominant trait with higher levels of tolerance in the homozygous condition. Similar results were reported in wheat (Newhouse et al., 1992) , A. thaliana (Haughn and Somerville, 1986) , maize (Newhouse et al., 1991) , canola (Swanson et al., 1989) , and soybean (Sebastian et al., 1989) . The expected genotypic segregation ratio in an F 2 population segregating for a single resistance (R) gene would be 1(RR):2(Rr):1(rr). All F 2 populations resulting from susceptible (S) × tolerant (T) crosses gave a good fi t to a 1:2:1 R:I:S ratio, indicating segregation of a single gene for tolerance to imazamox (Table 4 ). The intermediate genotypes are indicative of heterozygous genotypes. The results observed suggested that tolerance mechanisms are additive, and homozygous individuals have a higher level of tolerance than heterozygous individuals. To confi rm results from the F 2 populations, F 1 plants were backcrossed to the susceptible parents. Two genotypes were produced in equal frequencies in the BC 1 F 1 populations, namely Rr and rr (Table 4) . This confi rmed the single-locus hypothesis indicated by the F 1 and F 2 .
To determine the allelic relationships of the tolerance genes from the four tolerant mutant lines, all possible intercrosses between the tolerant lines were evaluated. If tolerant genes in two separate mutant lines are alleles at the same locus, no intermediate or susceptible progeny would be observed in an F 2 population resulting from crossing the two tolerant mutant lines. In general, no susceptible plants were observed in the F 2 populations resulting in the intercrosses of all the tolerant mutant lines. Very few plants were classifi ed as intermediate or susceptible in all the crosses, and these could be due to misclassifi cations (Table 5) . It was therefore concluded that the tolerant genes in the four tolerant mutant cotton lines are either alleles at the same locus or are very tightly linked.
CONCLUSIONS
Our results show that the four upland cotton mutants developed through chemical mutagenesis have elevated level of tolerance to imazamox. Application of imazamox reduced yield by 2 to 3% in the tolerant mutants, whereas, in the original lines, the yield reduction was 25 to 41%. Imazamox application did not have any eff ect on fi ber length, but some eff ects on fi ber strength were noted. Preliminary inheritance studies indicated that the tolerance to imazamox was controlled by a partially dominant gene that is additive. Allelism test indicated that the tolerant genes in the four mutants are either alleles at the same locus or are very tightly linked. 
